Chemosensory proteins (CSPs) are a class of small proteins expressed only in arthropods and endowed with heterogeneous functions. Some of them are involved in chemical communications, others in development or other physiological roles. The numbers of CSPs in different species of insects range from 4 in Drosophila to at least 70 in locusts, whereas in other arthropods such as crustaceans and millipedes, only 2-3 very similar sequences have been reported in each species. We have expressed, in a bacterial system, 5 of the 8 CSPs predicted by the genome of the malaria mosquito Anopheles gambiae, 4 identified at the protein level (SAP1, SAP2, SAP3, and CSP3) and a fifth annotated as part of this work, obtaining the proteins with high yields and in their soluble forms. Purified CSPs have been used to study their ligand-binding properties, both using competitive binding assays and quenching of intrinsic tryptophan fluorescence, in order to get insights into their physiological functions. The agreement between the 2 sets of data supports the assumptions that the ligands, including the fluorescent reporter, bind within the core of the proteins. Their different affinities toward a set of pure chemicals suggest specific roles in chemical communication.
Introduction
Chemosensory protein (CSP) is the name given to a class of intriguing polypeptides found only in arthropods and identified in connection with different physiological roles (Angeli et al. 1999; Picimbon, 2003; Wanner et al. 2004; Pelosi et al. 2006 ). The first member of this family was reported in connection with limb regeneration in the cockroach (Nomura et al. 1992) . CSPs were also detected in the chemosensilla of the fruit fly Drosophila melanogaster (McKenna et al. 1994; Pikielny et al. 1994 ), but only later was their function as olfactory proteins proposed Maleszka and Stange 1997; Mameli et al. 1996) , which was supported by their ligand-binding properties and expression in the lymph of chemosensilla (Angeli et al. 1999; Marchese et al. 2000) . Hence, they are regarded as a second class of soluble binding proteins involved in functions similar to those of the better-known odorant-binding proteins (OBPs; Pelosi et al. 2006) .
Although the remarkable conservation in amino acid sequence across species does not indicate a strong ecological pressure, as observed with OBPs, and seems to rule out a function of CSPs in detecting semiochemicals, several pieces of evidence suggest that, at least in some cases, CSPs might well be involved in chemosensing. In fact, they are expressed in chemosensilla (Angeli et al. 1999; Monteforti et al. 2002; Zhou et al. 2009 ), they bind pheromones, as reported for ASP3 of Apis mellifera (Briand et al. 2002) , and in some wasp and ant species, they are exclusively expressed in antennae (Ishida et al. 2002; Calvello et al. 2003; Calvello et al. 2005) .
CSPs have been also described in the pheromone glands of the lepidopteran Mamestra brassicae, where they could assist in release of pheromones into the environment (Jacquin-Joly et al. 2001) . This function was also proposed for a CSP discovered in the ejaculatory bulb of D. melanogaster, the site of production of the male pheromone 11-cis-vaccenyl acetate (Dyanov and Dzitoeva 1995) . In all, 7 CSPs have been identified at the protein level in the pheromone glands of the silk moth Bombyx mori, together with a single OBP (Dani et al. 2011 ). More recently, in the migratory locust, 17 CSPs have been identified in female reproductive organs, where they represent most of the low-molecular-weight protein content (Zhou et al. 2012) .
Other CSPs are not involved in chemical communication, such as p10 of the cockroach Periplaneta americana, whose expression accompanied limb regeneration (Nomura et al. 1992; Kitabayashi et al. 1998) . Another member of this family with a role in development is CSP5 of the honeybee, whose transcript was only detected in ovaries and eggs. Using RNA interference experiments, this gene was shown to be important for embryonic integument formation (Maleszka et al. 2007) . A third example of a protein of this family not involved in chemical communication is the CSP3 of Locusta migratoria, which mediates the physiological and behavioral transition from the solitary to the gregarious phase (Guo et al. 2011) .
The phenomenon of proteins involved both in olfaction and in delivery of semiochemicals is well documented in mammals such as mice and pigs, which utilize the same OBPs in their olfactory organs to detect pheromones, while in urine or saliva, respectively, they release the same molecules into the environment (Bacchini et al. 1992; Marchese et al. 1998; Cavaggioni and Mucignat-Caretta 2000; Tegoni et al. 2000) . As for a role in development, binding proteins, such as CSPs and OBPs, could act as carriers of hormones and other regulatory compounds. Often, the structures of such chemicals are not markedly different from those of some pheromones or chemicals occurring in nature. For example, the 2 major hormones involved in insect development, juvenile hormone and ecdysone, are similar in structure to common ligands for these proteins, such as terpenoids and steroids, respectively.
Taken together, the information so far available for CSPs suggests that these proteins are involved in at least 3 physiological functions: 1) chemodetection, 2) release of semiochemicals, and 3) development. This diversity of tasks within a well-defined and conserved class of proteins is not surprising, as other examples of proteins that have been adopted for different roles are known in biology. The best example of a multitask family of proteins is that of lipocalins, which are also small soluble polypeptides performing a large number of different functions, most of them however, involving reversible binding of organic molecules (Flower 1996) . A large number of lipocalins are active in olfaction and represent the odorant-binding proteins (OBPs) of vertebrates (Pelosi, 1994; Tegoni et al. 2000) . Despite marked differences in their amino acid sequences, lipocalins show a highly conserved scaffolding, mainly made of beta sheets, which confers exceptional stability to these proteins and refractivity to denaturing and proteolytic agents (Newcomer et al. 1984; Bianchet et al. 1996; Tegoni et al. 1996; Kuwata et al. 1999) .
All insect CSPs share a conserved motif of 4 cysteines separated by 6-8 residues for the first pair and 2 residues for the second pair and connected by 2 disulphide bridges joining adjacent cysteines (Angeli et al. 1999) . Their 3D structure, resolved for 3 members of the family, is made of alpha helices arranged in a compact folding that encloses a binding cavity for hydrophobic ligands (Lartigue et al. 2002; Tomaselli et al. 2006; Jansen et al. 2007 ). The structure of CSPs, similar to that of OBPs, is extremely stable and can withstand boiling for 20 min without apparent irreversible denaturation (Ban et al. 2002) .
The nomenclature of CSPs is not homogeneous, as some of them are called "OS-D (Olfactory System D)-like proteins," from the name of the first member of the family (McKenna et al. 1994 ), whereas others have been named SAPs for "sensory appendage proteins" (Biessmann et al. 2002; Biessmann et al. 2005) .
The repertoire of CSPs in Anopheles gambiae (Biessmann et al. 2002; Li et al. 2003; Vieira and Rozas 2011) comprises 8 members, named SAP1, SAP2, SAP3, CSP1, CSP3, CSP4, CSP5, and CSP6 (GenBank accession nos: AF437891; AJ697728; AJ697729; AJ697730; AJ697732; AJ697733; AJ697734; and AGF68546, respectively). This last protein is annotated for the first time as part of the present work. A ninth entry in the GenBank database (accession no. AJ697731), classified as CSP2, reports a sequence identical to that of CSP1.
At the protein level, a proteomic study revealed the presence of 4 CSPs (SAP1, SAP2, SAP3, and CSP3) in the antennae of adult males and females (Mastrobuoni et al. unpublished data) .
Here we describe the bacterial expression of 5 of the 8 CSPs of A. gambiae and their ligand-binding characteristics.
Materials and methods

Insects
The A. gambiae used for cloning the CSPs belong to the GACAM-ST (An. GAmbiae M form, from CAMeroon, STandard for all chromosome inversion polymorphisms) colony maintained at the Department of Public Health Sciences at the University of Roma, Sapienza, Italy.
Reagents
All enzymes were from New England Biolabs. Oligonucleotides were custom synthesized at Eurofins MWG GmbH, Ebersberg, Germany. All other chemicals were either purchased from Sigma-Aldrich and were of reagent grade or were synthesized in our laboratory using conventional synthetic routes.
RNA extraction and cDNA synthesis
Total RNA was extracted from a mixed sample of heads with antennae obtained from 50 adult virgin males and 50 adult virgin females using the TRI Reagent (Sigma), following the manufacturer's protocol. cDNA was prepared from total RNA by reverse transcription, using 200 units of SuperScriptTM III Reverse Transcriptase (Invitrogen) and 0.5 μg of an oligo-dT primer in a 50 μL total volume. The reaction mixture was incubated at 50 °C for 60 min and the product was directly used for polymerase chain reaction (PCR) amplification or stored at -20 °C.
Polymerase chain reaction
Aliquots of 1 μL of crude cDNA were amplified in a Bio-Rad Gene CyclerTM thermocycler, using 2.5 units of Thermus aquaticus DNA polymerase (GE-Healthcare), 0.2 mM of each deoxy ribonucleotide triphosphate (dNTP; GE-Healthcare), 1 μM of each PCR primer, 50 mM KCl, 2.5 mM MgCl 2 , and 0.1 mg/mL bovine serum albumin in 10 mM Tris-HCl, pH 8.3, containing 0.1% (v/v) Triton X-100. At the 5′ end, we used specific primers corresponding to the sequence encoding the first 6 amino acids of the mature protein. The primers also contained an NdeI restriction site for ligation into the expression vector and providing, at the same time, the ATG codon for an additional methionine in position 1. At the 3′ end, specific primers were used, encoding the last 6 amino acids, followed by a stop codon and an EcoRI restriction site (a BamH1 site in the case of CSP1) for ligation into the expression vector. Therefore, we used the following primers for each protein (enzyme restriction sites are underlined):
After a first denaturation step at 95 °C for 5 min, we performed 35 amplification cycles (1 min at 95 °C, 30 s at 50 °C, 1 min at 72 °C), followed by a final step of 7 min at 72 °C.
In all experiments, we obtained amplification products of 300-400 bp, in agreement with the expected sizes.
Cloning and sequencing cDNAs were subjected to PCR, using primers encoding the first and the last 6 amino acids of each sequence, flanked by restriction sites. The crude PCR products were ligated into a pGEM (Promega) vector, using a 1:5 (plasmid:insert) molar ratio and incubating the mixture overnight, at room temperature. After transformation of E. coli XL-1 Blue competent cells with the ligation products, positive colonies were selected by PCR using the plasmid's primers SP6 and T7 and grown in Luria-Bertani/ampicillin medium. DNA was extracted using the Plasmid Miniprep Kit (Euroclone) and custom sequenced at Eurofins MWG, Ebersberg, Germany.
Cloning in expression vectors
pGEM plasmids containing the appropriate sequences were digested with NdeI and EcoRI restriction enzymes for 2 h at 37 °C and the digestion products were separated on agarose gels. The fragments were purified from the gel using QIAEX II Extraction kit (Qiagen) and ligated into the expression vector pET5b (Novagen, Darmstadt, Germany), previously linearized with the same enzymes. The inserts in the resulting plasmids were sequenced to confirm that they encoded the correct mature proteins.
Bacterial expression of the proteins
For expression of recombinant proteins, each pET-5b vector containing the appropriate CSP sequence was used to transform E. coli BL21(DE3)pLysS cells. Protein expression was induced by addition of isopropyl β-D-1thiogalactopyranoside (IPTG) to a final concentration of 0.4 mM when the culture had reached a value of optical density (OD 600 ) = 0.8. Cells were grown for a further 2 h at 37 °C, then harvested by centrifugation and sonicated. After further centrifugation, CSPs were present in the supernatant, except for SAP2, which was present as inclusion bodies. To solubilize the protein, the pellet from 1 L of culture was dissolved in 10 mL of 8M urea, 1 mM DTT in 50 mM Tris buffer, pH 7.4, then diluted to 100 mL with Tris buffer and dialyzed 3 times against the same buffer.
The proteins were purified using combinations of chromatographic steps on anion-exchange resins, such as DE-52 (Whatman) or QFF, followed, if necessary, by gel filtration on Sephacryl-100 (GE-Healthcare), along with standard protocols previously adopted for other OBPs (Ban et al. 2003; Calvello et al. 2003) . Protein samples used for binding assays were delipidated by mixing at pH 4 for 2 h on ice with a suspension of Sephadex LH-20 (Pharmacia Fine Chemicals). The proteins were then dialyzed against Tris buffer at pH 7.4.
Fluorescence measurements
Emission fluorescence spectra were recorded on a Jasco FP-750 instrument at 25 °C in a right angle configuration, with a 1-cm-light-path quartz cuvette and 5-nm slits for both excitation and emission. The protein was dissolved in 50 mM Tris-HCl buffer, pH 7.4, and ligands were added as 1-mM methanol solutions.
Fluorescence binding assays
To measure the affinity of the fluorescent ligand N-phenyl-1-naphthylamine (1-NPN) to each CSP, a 2-μM solution of the protein (5 μM for CSP3 and SAP2) in 50 mM Tris-HCl, pH 7.4, was titrated with aliquots of 1 mM ligand in methanol to final concentrations of 2-16 μM. The probe was excited at 337 nm and emission spectra were recorded between 380 and 450 nm. The affinity of other ligands was measured in competitive binding assays, where a solution of the protein and 1-NPN, both at the concentration of 5 μM (except for CSP6, which was used at 2 μM) was titrated with 1-mM methanol solutions of each competitor to final concentrations of 2-16 μM.
Binding constants to 1-NPN were calculated by nonlinear regression, using GraphPad Prism software, version 4.00, assuming the presence of a single binding site in each protein. Dissociation constants (K D s) of the competitors were calculated from the corresponding (IC 50 ) values (competitor's concentration halving the initial fluorescence), using the equation: K D = [IC 50 ]/1 + [1 − NPN]/K (1 − NPN) , where [1 − NPN] is the free concentration of 1 − NPN and K (1 − NPN) is the dissociation constant of the complex protein/1 − NPN.
Intrinsic fluorescence
The intrinsic fluorescence of tryptophan was measured for a 2-μM solution of the protein, using an excitation wavelength of 295 nm and recording the emission spectrum between 310 and 380 nm. Quenching of intrinsic fluorescence by ligands was measured in the same condition and in the presence of 0-16 μM of each ligand.
Molecular modeling
The 3D model of A. gambiae SAP3 was generated using the online program SWISS MODEL (Peitsch 1995; Arnold et al. 2006; Kiefer et al. 2009 ) with the solution structure of Schistocerca gregaria CSP1 (accession no. 2gvsA; Tomaselli et al. 2006 ) as a template (identity: 53%). Models were displayed using the SwissPdb Viewer program "Deep-View" (Guex and Peitsch 1997 ; http://www.expasy.org/spdbv/).
Results and discussion
Structural and functional diversity of CSPs across arthropods
CSPs are more highly conserved than OBPs across evolution. However, within the same species, CSPs can be divergent, suggesting different functions associated with individual proteins.
Moreover, the number of genes encoding CSPs in different insect species is highly variable, without any clear phylogenetic relationship. For instance, there are at least 70 CSP genes in the locust (Zhou et al. 2012 ), but there are only 4 in D. melanogaster (Wanner et al. 2004 ) and 8 in A. gambiae ( Biessmann et al. 2002; Li et al. 2003; Vieira and Rozas 2011) , suggesting that these proteins may have been gradually lost during evolution. However, in 2 other species of mosquitoes, Aedes aegypti and Culex quinquefasciatus, we have found records of at least 24 and 23 CSP genes, respectively, whereas more primitive aphids only present a dozen of such genes (Zhou et al. 2010) . In any case, we can observe that CSPs appeared earlier than OBPs, being present in crustaceans and millipedes, whereas OBPs are only found within insects. In Figure 1 , we show sequence similarities between the CSPs of species for which complete information on most of the CSPs is available. We have also included CSPs of crustaceans and millipedes. Information on noninsect arthropods is limited to only few species (Vieira and Rozas 2011) , namely, the crustaceans Artemia franciscana, 3 Daphnia species, and Triops cancriformis, as well as the myriapoda Julida sp. and Archispirostreptus gigas. Although a large number of entries were found in the expressed sequence tag (EST) database for CSPs of these species (more than 100 only for Daphnia pulex), we could find only a couple of different sequences for each species. This suggests that the total number of CSPs may be limited in each species of these arthropods. We could not find any sequence related to CSPs in the genome of Ixodes scapularis, suggesting that probably these proteins did not evolve in the branch of Chelicerata, which includes spiders, ticks, and mites.
It is worth reporting that the EST database contains 1 CSP sequence attributed to I. scapularis, but, as we could not find it in the genome, it could be derived from contamination. Certainly other CSPs, reportedly found in fishes or in plants, originated from contaminated samples, as fishes may have been fed with crustaceans and plants could contain small fragments of insect bodies.
The crustacean and myriapod CSPs form a cluster of their own. However, their sequences are not very different from those of insect CSPs. As an example, the sequence of AgamCSP4 is aligned with 1 crustacean CSP (AfraCSP1; identity: 37%) and 1 millipede CSP (JulCSP2; identity: 24%), shown in Figure 2 . As for the CSPs of millipedes, the classic pattern of the 4 cysteines, conserved in all insect and crustacean members, is modified. The first pair of cysteines is 12 residues apart, instead of 6-8, and the second pair is separated by only 1 or 3 amino acids, instead of 2. However, the sequence similarity does not leave any doubt that these proteins belong to the CSP family.
The CSPs of A. gambiae
The amino acid sequences of the 8 CSPs of A. gambiae (including CSP6, which had not been previously annotated) are aligned in Figure 2 . Amino acid identities between pairs of CSPs range between 20% and 78%. From the tree in Figure 1 , we can observe that 4 CSPs (the 3 SAPs and CSP1) are part of a cluster with identity values between 51% and 78%. AgamCSP4 and AgamCSP6, which only share 26% of their amino acids, are found in a large branch of the similarity tree (Figure 1 ) that contains all the CSPs of crustaceans and millipedes, together with those of some insect members (AmelCSP2, AmelCSP5, BmorCSP16, ApisCSP1, ApisCSP7, and ApisCSP9). The information available for genes encoding proteins of this group is limited to AmelCSP5, previously reported to be involved in embryo development, and BmorCSP16, whose expression was not detected in any tissue (Gong et al. 2007 ). AgamCSP5 is found in a cluster that contains most of the CSPs of B. mori together with some members of the pea aphid. Finally, AgamCSP3 falls among CSPs from different insect species, whose functions again have not been investigated.
Expression and characterization of A. gambiae CSPs
In order to formulate hypotheses on the possible functions of CSPs in mosquitoes, we decided to express 5 of them, the 4 occurring at the protein level in antennae of adult males and females (SAP1, SAP2, SAP3, and CSP3: Mastrobuoni et al. unpublished) and the newly identified CSP6. We were not able to obtain amplification products in PCR experiments for the other CSP sequences, using cDNA prepared from all parts of the adult body, larvae, and pupae.
The bacterial expression of the 5 proteins was performed following standard protocols and we obtained all the proteins in high yields (20-30 mg/L of culture), in their soluble forms. Purification was also accomplished using chromatographic separations on anion-exchange columns and gel filtration. Figure 3 reports the electrophoresis analysis of the crude bacterial pellet for each protein and the selected fractions from the last purification step.
The purified CSPs were utilized in competitive binding assays with a number of ligands, using 1-NPN as the fluorescent probe. Figure 4A reports the binding curves of 1-NPN to the 5 CSPs and the dissociation constants measured with GraphPad Prism. Scatchard analysis, performed on the same data, confirmed the presence of a single binding site on each protein and yielded values of dissociation constant comparable with those calculated using GraphPad Prism (see supplementary Figure S1 ). The displacement curves of some ligands, relative to AgamSAP3, are reported in Figure 4B as an example, whereas the dissociation constants measured with all 5 CSPs are also summarized in Figure 4C in a graphical representation and listed in Table 1 . To provide further support to the assumption that 1-NPN and the ligands interact with the binding cavity of each protein, we have measured the ability of the fluorescent probe and some selected ligands to quench the intrinsic fluorescence of the protein, due to a tryptophan present in the hydrophobic pocket of most CSPs ( Figure 5 ). In this analysis, we have selected the 3 SAPs, as CSP3 does not possess a tryptophan residue in its sequence, whereas in the model of CSP6, the only tryptophan is located at the edge of the binding pocket. As for the ligands, we have chosen those that present an aromatic ring or an extended conjugated region, able to absorb the fluorescence produced by tryptophan.
Most of the ligands tested are chemicals of medium size, including terpenoids such as citronellal and β-ionone, and aromatic compounds ( Figure 4C ). The results obtained with a series of benzoates, from the ethyl to the 3,7-dimethyloctyl derivatives, help define the size required for a best fit. The hexyl and the octyl members appear to be the best ligands for all proteins tested except AgamCSP3. Butyl cinnamate, with a size and shape similar to that of hexyl benzoate, is also a good ligand. The good affinity exhibited by aromatic compounds to most of the CSPs used in this work is in agreement with the presence of 3-4 aromatic amino acid residues in their binding sites. Figure 4D reports the model of SAP3 as an example, where 2 tyrosine, 1 phenylalanine, and 1 tryptophan are evidenced in the binding site. The 3 SAPs and CSP6 show similar behavior toward the set of ligands tested. This result is in agreement with the high sequence similarity between the 3 SAPs, whereas CSP6, which is very different in terms of amino acid sequence (20-22% identity) could have evolved independently toward a common function. A role of the 3 SAPs in chemodetection is also suggested by their close structural relationship (57-61% identity) with CSP3 of the honeybee (Figure 1) , a protein reported to bind the brood pheromone components (Briand et al. 2002) . AgamCSP3, on the contrary, stands out with stronger and more specific affinities. Best ligands for this protein are 2-pentylcinnamaldehyde, retinal, citronellal, and nonanal. These ligands, except the first one, bind exclusively or preferentially to AgamCSP3. On the other hand, the affinity of other ligands to this CSP is very low or below our detection threshold.
In summary, the binding results indicate that a set of 4 CSPs is tuned to natural compounds of medium size, with measurable, but not dramatic, differences in their binding spectra. A function of these proteins in chemosensing is plausible, on the basis of their expression in the antennae of both genders of adult A. gambiae. On the other hand, AgamCSP3 shows a completely different spectrum of binding, suggesting a more specific role.
Supplementary material
Supplementary material can be found at http://www.chemse. oxfordjournals.org/ For more immediate visualization, the reverse values of the dissociation constants are reported. CSP3 stands out, both for selectivity and affinity, whereas the binding spectra of the other 4 proteins are more similar to each other. (D). The 3D model of AgamSAP3. The model was built on the solution structure of Schistocerca gregaria CSP1 (accession no. 2gvsA; identity between the 2 proteins 53%; Tomaselli et al. 2006) . Several aromatic, as well as branched, amino acid residues are in agreement with the affinity of this protein for both aromatic compounds and natural terpenoids. This figure is reproduced in color in the online version of this issue.
Downloaded from https://academic.oup.com/chemse/article-abstract/38/5/409/360366 by guest on 23 March 2019 K D = dissociation constants of the competitors; IC 50 = competitor's concentration halving the initial fluorescence; SAP = sensory appendage protein CSP = chemosensory protein.
Figure 5
Quenching of intrinsic tryptophan fluorescence by 1-NPN (top left panel) and selected ligands. Proteins were used at the concentration of 2 μM. Tryptophan was excited at 295 nm and spectra were recorded between 310 and 380 nm. The intensities corresponding to the maximum of the peak (330-340 nm, depending on the protein) are reported as percentages of the initial fluorescence values. This figure is reproduced in color in the online version of this issue.
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